Immunofluorescence assays are commonly used for the detection of proteins and antigens. The problems with these types of assays are that they suffer from weak fluorescence signals causing poor detection limits, background signals cause "noise" and falsepositives, and attachment times of antigens to antibody are fairly slow. In this work, metal-enhanced fluorescence was used to strengthen the fluorescence signal by a factor as large as 1000 and surface acoustic wave devices were used to remove background signals from non-specifically bound proteins and speed up the rate of attachment by a factor of six. These two were then combined to prove that these two phenomena can coexist.
INTRODUCTION
Immunofluorescence assays utilize fluorescent-labeled antibodies to detect antigens. The assay can work as either direct or indirect labeling. In direct labeling, primary antibody is tagged with fluorophore and is attached to the antigen cells which are fixed on the substrate. This method requires shorter staining times and simpler labeling procedures. It does, however, have a lower signal, higher cost, less flexibility, and a difficult labeling procedure [1] .In indirect labeling, the primary antibody is not tagged. A secondary antibody is tagged and added to the primary antibody. This is more complicated, but it allows for less loss of primary antibody and gives a better sensitivity because there are multiple binding sites for fluorophore antibody to attach on the primary antibody giving a brighter signal [1] [2] [3] . The technique typically suffers from many background signals from other fluorescent molecules not tagged to the secondary antibody [2] and long times for the secondary antibody to attach to the primary antibody. Also, the signals from the fluorophores are typically weak.
In recent years, metal-enhanced fluorescence (MEF), also known as surface-enhanced fluorescence (SEF), has been a method to improve the signal from fluorophores [4] [5] [6] [7] [8] [9] [10] [11] . Metal nanoparticles or nanostructures absorb light in a range depending on the size, shape, material, surrounding environment, and distance between nanostructures resulting in a plasmonic band. When the plasmonic band corresponds to the excitation band of the fluorophore, more photons will get excited resulting in more photon emission. The enhancements possible have been shown to reach up 500 times experimentally and up to 3.8x10 8 times theoretically for multiphoton excitation [4] .
The problem of background signals disturbing immunofluorescence procedures has been a problem for a long time. Previously, it has been shown that surface acoustic waves (SAW) on a lithium niobate device can remove nonspecifically bound proteins (NSBPs) while minimally affecting the specifically bound proteins and also removing biofouling [12] . To ensure that removal doesn't affect the nanocubes and thus the MEF, MEF had to be shown even after removal. The silver nanocubes have to be attached to the surface strongly enough that the acoustic waves won't remove them like they remove the NSBPs. Therefore, a power supply strong enough to removes NSBPs and biofouling while not affecting the specifically bound proteins or silver nanocubes is very important.
Finally, the time it takes for secondary antibodies to attach to primary antibodies can often take many hours or even days in some cases. Also, the time for the primary antibodies or blocking agent to attach to the silane or other attachment chemistry used can take many hours. By speeding this up, the immunofluorescence assay can be improved by making the technique take less time. This phenomenon happens because the acoustic streaming from the SAW device causes the secondary antibodies to mix faster causing more collisions with primary antibody bonding sites, thus saturating the sample faster [13] .
II. METAL-ENHANCED FLUORESCENCE AND SURFACE ACOUSTIC WAVE DEVICES
Metal-Enhanced Fluorescence is theoretically capable of having a tremendous effect on the emission of the fluorophore. Experimentally, the effect has also been shown to be large to date. When a metal is not in the vicinity of the fluorophore, the quantum yield (Q 0 ) and the fluorophore lifetime (τ 0 ) using the free-space condition are given by [4, [7] [8] :
Q 0 = Γ/(Γ+k nr ) (1)
In these equations, Γ is equal to the radiative rate and k nr is the non-radiative rate. When a metal, denoted by subscript m, is in the vicinity of the fluorophore, the radiative rate is increased by the addition of a new rate called Γ m . In this situation, the quantum yield (Q m ) and the fluorophore lifetime (τ m ) become:
Normally, as the quantum yield increases, the fluorophore lifetime also increases. For high quantum yield, this results in increased photobleaching. However, when a high metal rate is added, the lifetime is decreased which is very useful for immunofluorescence because it keeps the yield high while ensuring that photobleaching doesn't occur [4, [7] [8] .
Metal nanostructures and nanoparticles to cause MEF can be created in numerous different ways. Solution-phase templates such as colloidal synthesis are commonly used to create various shapes of many different structures. Lithography is also used to create nanostructures [10] [11] . A somewhat different technique causes MEF by using sputtering to create nanostructure peaks [5] .
On another topic, SAW devices have the capability of decreasing the background signal [12] , and the time it takes for antibodies or other compounds to attach [13] . SAW devices make use of the ability of piezoelectric materials, such as lithium niobate or quartz, to generate an acoustic wave. In particular, a surface acoustic wave (SAW) is an acoustic, mechanical wave propagating within the confines of the surface of a cut piezoelectric crystal. When it comes in contact with something on the surface, the wave velocity and/or amplitude can be greatly affected [13] .
The SAW device is typically made up of the piezoelectric substrate, the input and output interdigital transducers (IDTs), and the guiding layer between the two IDTs. The input IDT converts an electrical signal into polarized transversal waves which can travel parallel to the sensor surface along the guiding layer. This allows for all the acoustic energy to stay concentrated instead of propagating over the entire piezoelectric surface. At the end of the device, the output IDT then takes the wave and converts it back into an electrical signal. SAW sensors are sensitive to changes in mass, density, viscosity, and acoustic coupling, but, for removal and increased mixing in an optical sensor, the generation of the acoustic waves is all that is important. 
III. EXPERIMENT

Metal-Enhanced Fluorescence
A polyol synthesis outlined by Zhang et al. was used to make silver nanocubes of approximately 50 nm [15] . The LSPR peak positions were analyzed using UV-VIS spectroscopy by recording their extinction spectrum. TEM images were taken to analyze shape and size distributions.
Normal rabbit IgG was used as the antigen, fetal bovine serum albumin (BSA) was used as the blocking agent, and goat anti-rabbit tagged with Alexa-488 was used as the primary antibody. No secondary antibody was required as this is a direct immunofluorescence method.
First, MEF was tested for by applying primary antibody tagged with Alexa-488 to a glass slide with silver nanocubes spaced approximately 75 nm apart on it and a control glass slide with no silver nanocubes on it. Before applying nanoparticles, the glass slides were silanized with a 1% solution of 3-(glycidoxypropyl)dimethylethoxysilane (3-GPDMS) in toluene for 1 hour following a known method (Cular et al., 2008) . The antibody was tagged with Alexa-488 and diluted down to 1, 10, and 100 µg/mL as well as 1, 10, and 100 ng/mL with PBS. Ten µL of each mixture was applied to the surface of a glass slide with and without nanocubes and allowed to incubate for 30 minutes, resulting in 12 separate trials. After incubation, the fluid was suctioned up with a pipette and then the surface was rinsed with 10 µL of PBS three times followed by suctioning. Upon this completion, the intensity of the fluorescence signal was determined using a Leica DMI4000 B inverted fluorescence microscope.
After showing MEF, the next experiment was performed to show the benefit of MEF to immunofluorescence. In these experiments, the glass slides were again silanized with the 1% solution of 3-(glycidoxypropyl)dimethylethoxysilane (3-GPDMS) in toluene. Before doing this, the glass slides were again cleaned with a typical acetone, methanol, deionized water cleaning process to remove surface contaminants.
After adding the nanocubes to the chip, 10 µL of different concentrations of normal rabbit IgG were added and incubated for 45 minutes. The different concentrations were achieved by diluting with PBS and ranged from 1 ng/mL to 100 µg/mL. After the 45 minutes of incubation, standard rinsing was done. Then, 10 µL of BSA, diluted with PBS to 1 mg/mL, was used to block non-specific binding and incubated for 1 hour. This was also followed by standard rinsing and this step was constant for all the trials. Finally, 10 µL of the secondary goat anti-rabbit IgG tagged with Alexa-488 was added. The concentration of this was also kept constant at 10 µg/mL. This was incubated for 30 minutes which was found to be the optimal time to nearly saturate the slide.
The MEF experiments showed that the fluorophore signal is significantly strengthened by the presence of silver nanocubes. Without the nanocubes, 100 ng/mL did not show a signal whereas with nanocubes, 1 ng/mL showed a signal.
For detection, MEF showed a linear trend from 1 µg/mL all the way down to 1 ng/mL. The control group showed basically no difference from 600 ng/mL and 1 ng/mL. These results are in Figure 2. 
Removal
A Rayleigh SAW device was fabricated on 0.5 mm thick, 100 mm diameter Quartz wafers using standard photolithography and metal lift-off to define the IDTs. The input and output transducers were made by depositing a Ti/Au film 20/100 nm thick, having a wavelength of 40 μm. Thus, the device operating frequency was 78.95 MHz. To differentiate between sensing and non-sensing regions, protein patterning was implemented. Using a second lithography step, the delay path of the SAW device was patterned with an array of squares having a cross-section of 20 μm x 20 μm. The exposed areas of the SAW device were silanized with 3-GPDMS using the same method mentioned for the MEF section of this paper. After silanization, acetone was used to remove the photoresist. This removes the silane layer on top of the photoresist which leaves 20 µm x 20 μm squares with silane. Inside the squares is specific binding and outside is non-specific binding. From this point on, all of the same procedures for adding primary antibody, BSA, and secondary antibody for the MEF experiments were followed. After the secondary antibody had been incubated and rinsed, various power levels and times were used to do the removal. To power the SAW device, we used an Agilent 8753ES network analyzer. Removal clearly happened through the use of the SAW device. The main question is how much of the removal was specifically-bound protein and how much was nonspecifically bound protein. These results are shown in Figure  3 .
Micro-mixing
The same devices used for removal were used for mixing. In this case, the exact same procedures used for MEF was used. Although it is also desired to speed up the attachment of primary antibody to silane and BSA to silane, these experiments tested the secondary antibody to primary antibody attachment. To get a control group, the secondary was incubated from between 1 minute and 1 hour before rinsing and imaging. Then, separate experiments were conducted where the secondary antibody was incubated while applying 10 mW of power for 5-10 minutes, followed by rinsing and imaging. Then, the intensity with SAW micromixing was compared to the control group intensity.
Through the use of the SAW, attachment of primary antibody to antigen saturated in 10 minutes whereas it took 60 minutes without the SAW. Therefore, the SAW increases mixing by a factor of 6.
MEF-SAW Device
Finally, the overall device using all the separate components was used to test the effectiveness of the device. In this experiment, optimal conditions from the previous three experiments were used. The silver nanocubes were applied in the same way as before but in the middle of the quartz SAW device instead of glass. Instead of incubating all the substances for the full time, it was micro-mixed for one-sixth of the time due to the mixing results. After the final rinse after the secondary attachment, removal was done for 5 minutes at 10 mW of power. The concentrations used were all the same as the ones used in the MEF experiment. Only one concentration was tested for the primary and that was at a concentration of 50 ng/mL. Results are in Table 1 . However, differentiating between smaller nanogram increments is still not perfected and requires better nanoparticle separation and spacing techniques as well as better removal. Removal has clearly been shown through the use of a SAW device but it is not clear how much is specifically-bound versus non-specifically bound. Micromixing has clearly been shown to significant levels. Combining all three of these aspects, an improved immunofluorescence assay can be performed.
In the future, the work will focus on improving removal so that only NSBPs are removed and the specifically bound specimens are unaffected. This will require optimizing the amount of power applied and the amount of time it is applied for. Also, work will need to be done to improve the consistency of the fluorescence signal with MEF, as well as the amount of MEF. As mentioned previously, coating with silicon dioxide is one option for improving the signal as is increasing the size of the nanoparticles. To improve the consistency of the signal, lithography techniques or spincoating may be utilized. Also, while we have shown micromixing increases the rate of diffusion by a factor of six, better rates should be possible by again optimizing the time and power applied. By this, a point where the power isn't frying the sample but is still mixing the sample as quickly as possible is desired.
